Water stresses, such as drought, high salinity, high and low temperature and other water deficits, are the most serious problems for plant growth, especially for crop production.
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Under the circumstances of rapidly growing human population and the accompanying food crisis in the coming century, the enhancement of crop production is the first requisite to overcome this problem. For this purpose, it is actually required to cultivate crop plants even under unfavorable conditions, like arid or saline areas, where water stress is high and productivity is low. However, from the standpoint of biological adaptation to the environment, some plants are tolerant to such environmental stresses.
They induce osmoregulating compounds to maintain the tugor pressure inside the cells against the outside pressure. 2 It is therefore important to select tolerant species among the diverse varieties. The present research aims to establish a method to distinguish stress-tolerant plants by measuring the osmoregulating compounds induced under stressed conditions.
Betaines are known to be one of the major osmoregulating compounds, forming inner salt with a quaternary ammonium group and a carboxyl group (Fig. 1 ). Among them, glycine betaine (GB) is the most familiar and widespread in plants and bacteria. 2 Other betaines, β-alanine betaine (AB), proline betaine (PB), and 2-hydroxyproline betaine (HPB), have been known to be present in some plant species. [3] [4] [5] The recent development of varieties of separation modes in capillary electrophoresis (CE) has enabled the methods to be widely applied to determinations from inorganic ions to biological macromolecules. 6 Above all, its high resolution together with this wide applicability to a variety of samples is quite attractive to directly determine certain trace components in complicated matrices, like those in biological systems. In addition, rapid analysis, ease of handling and low running cost are distinguishable from early developed method, such as photometric detection, 7-10 HPLC, 11-14 NMR, 15, 16 or FAB-MS. 17, 18 In our previous report on the determination method of betaines by CE, 19 we mentioned several unfavorable points to be improved: (i) the use of chloroform as an extraction solvent, (ii) acetonitrile used as an esterification solvent, which remains in the sample solution and cause a fluctuation in the CE measurement, (iii) the precipitation of an unreacted esterification reagent, resulting in a blockage of capillary siphoning, and (iv) quantification being done only for GB, but not for other betaines. Furthermore, a mis-assignment was found, i.e., the peak assigned as the AB ester was a reaction product of trimethylamine with p-bromophenacyl bromide, and the true AB peak overlapped with that of PB. The present study aimed to improve these points and to establish useful methods for betaine determination applicable for wide varieties of plant samples.
Experimental

Apparatus
A Waters Quanta-4000E capillary electrophoresis system was used with a fused-silica capillary of 50 µm i. The simultaneous determination of betaines, the key compounds for osmotic regulation in plants, was established by capillary electrophoresis (CE). After four betaines, glycine betaine (GB), β-alanine betaine (AB), proline betaine (PB), and 2-hydroxyproline betaine (HPB), were esterified with p-bromophenacyl bromide, the esters were electrophoresed in 100 mM sodium phosphate at pH 3.0. A low-pH condition in CE and esterification gave an advantage of resolving each of the ester peaks as well as those of the unreacted reagent and other components. Furthermore, the addition of 4% polyethylene glycol (PEG) gave a better resolution of 4 peaks, resulting in the separation of the overlapped peaks of PB and AB. It was found from the standard addition method being applied to barley leaves that the GB content in plants could be evaluated by using a calibration curve of the GB standard solution. The extraction of GB from plant leaves was also improved by adopting water as the extraction solvent instead of a mixture of organic solvents. The present method was suitably applied to actual plant specimens collected from a saline area of China. esterification reaction a centrifugal evaporator (Hitachi CE-1) was used.
Chemicals
HPB was purchased as betonicine from Sigma (St. Louis, MO, USA). PB was prepared by the methylation of proline with methyl iodide followed by recrystallization from ethanol. 20 AB was synthesized with 2-bromopropionic acid and trimethylamine and purified through an anion-exchange resin column. 21 GB (as betaine, anhydrous) and the other chemicals were purchased as analytical grade from Wako Pure Chemical Ind. Ltd. (Osaka, Japan).
Plant samples
Plant leaves of 18 species were collected in a saline area of Huang-Huai-Hai Plain, north China in May, 1998. Leaves of each species were dried in a paper bag at 80˚C in an oven drier. Dried leaves were preserved in a desiccator until use. They were pulverized by an electric mill prior to a following extraction of betaines.
Extraction and esterification of betaines
Five milliliters of water were added to 0.1 g of a leaf sample and mixed well. The supernatant was separated and filtered with a disk filter (pore size: 0.45 µm). An esterification method by Gorham et al. 14 was modified in the following esterification reaction. In a micro tube, 100 µL of the plant extract or standard betaine solution was placed and mixed with 50 µL of a buffer solution (100 mM KHCO3:100 mM KH2PO4:acetonitrile = 1:1:4 v/v). To the solution, 300 µL of a p-bromophenacyl bromide solution (20 mg/mL in acetonitrile) was added. The tube was capped and heated at 80˚C for 90 min. The reaction mixture was evaporated to dryness with a centrifugal evaporator at 80˚C. Three hundred microliters of a running electrolyte solution (see next paragraph) were added, mixed well and centrifuged for 5 min at 15000 rpm. The supernatant was applied to CE.
Determination of betaines by capillary electrophoresis
As a running electrolyte solution, 100 mM NaH2PO4 was used. The pH value was adjusted to 3.0 with phosphoric acid. To separate PB and AB, PEG 4000 was added to the electrolyte solution up to 4%. 22 Samples were injected in the hydrostatic mode (10 cm, 10 s). The applied potential was 15 kV. The peak was monitored at 254 nm. The betaine concentration of the plant extract was obtained by a calibration curve of standard betaine solutions.
Results and Discussion
Extraction of GB from plant samples
Betaines were generally extracted with organic solvents. 9, 12, 17 In our previous work, 19 a mixed solvent system (methanol:chloroform:water = 12:5:3 v/v) was used to extract betaines from plant samples, since chloroform was effective to remove the major contaminants of chlorophylls. However, the procedure was rather laborious, requiring to partition twice from the chloroform layer and a further removal of methanol, which interfered with the following esterification reaction. After several trials for effective extraction, we found water to be the best solvent to extract betaines. Because betaines are highly soluble in water and are heat stable, the treatment of dry leaf samples with water gave an excellent recovery of betaines. In addition, the removal of chlorophylls was also effectively achieved by drying the leaves, by which the GB content was confirmed not to decrease. The values in barley leaves obtained by the former and present methods were quite comparable with an average value of 3 replicates being 28.4 ± 0.9 mmol/kg DW and 28.7 ± 0.9 mmol/kg DW, respectively. The replacement of organic solvents, especially hazardous chloroform, by water gave an advantage in the case of treating a number of plant samples.
Esterification reaction
Because esterification with p-bromophenacyl bromide is usually conducted under an anhydrous condition, organic solvents are preferably used. In this case, however, betaines are soluble in water, but not soluble in most organic solvents. As shown in Experimental, the present method adopted an alkaline solution containing acetonitrile, to which p-bromophenacyl bromide in acetonitrile was added. The reaction proceeded smoothly in the presence of more than twice the volume of acetonitrile. However, in the course of the CE measurement, the presence of acetonitrile gave a slightly bigger fluctuation, since it volatilizes during a measurement. It was easily solved by removing acetonitrile with a centrifugal evaporator and exchange to the running solution. During this process, the esterification reagent was also removed as precipitates from the 104 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 Figure 2 shows the peaks of 4 betaine esters migrated with and without PEG 4000. Without PEG, peaks AB and PB overlapped completely, whereas the addition of PEG gave wellresolved peaks of AB and PB, though migration of all peaks was delayed. A higher concentration of PEG gave more noise and an unstable baseline. From the result, a 4% of PEG concentration was found to be suitable for analyzing AB and PB.
Separation of betaines
A low pH value, 3.0, of the electrolyte solution gave an advantage of omitting the pretreatment procedure of the reaction mixture. Because betaine esters carry positive charge, they electrophoresed faster than other negative and neutral compounds under an acidic condition, in which electroosmotic flow almost ceased and migration occurred mainly on the electrophoresis, depending on the net charge of the molecule.
Repeatability and calibration curve
The repeatability of the migration time and the peak area of 5 replicate runs of 1 mM GB were 2.0% and 2.1%, respectively, as the relative standard deviation. The detection limit was 0.01 mM when S/N = 3. A linear calibration curve was obtained from 0.05 to 50 mM as for GB. The standard addition method was applied to a barley sample, and the obtained curve showed almost the same slope as that of the GB standard solutions (Fig.  3a) , indicating that the GB content in plants could be evaluated by using the calibration curve of GB standard solutions. Calibration curves of other betaines (AB, PB and HPB) also had good linearity (Fig. 3b) .
In our previous paper, interferences by amino acid phenacyl esters were reported to be negligible, except for lysine ester. 19 However, because free lysine is usually not very high in concentration, no interferences were observed in the actual analysis of plant samples shown in Table 1 . Proline is often high in concentration and is known to be an osmoprotectant of gramineous plants such as wheat. Under the present analytical condition, however, because the migration time of proline or proline ester was more than 30 min, it did not interfere with betaines.
Analysis of betaines in plant samples
This method was successfully applied to actual plant samples collected from a saline area of Huang-Huai-Hai Plain, north China. Electropherograms of several samples are shown in Fig.  4 . GB was detected in barley, wheat and cotton, and PB was detected in alfalfa. These peaks were assigned by the standard addition method. The betaine contents of 18 plant species are summarized in triplicate measurements are shown along with the standard deviations. GB was detected in 7 species out of 18 species. Suaeda glauca showed a high GB content, since it belongs to Chenopodiaceae, which is known to be strong halophytic and to contain a large amount of GB. 3, 23 Other GB-containing plants listed in Table 1 (No. 2 to 7) are also known to be halo-tolerant species. 2 PB was detected only in alfalfa. Neither AB nor HPB was detected in the present samples. Wood et al. 24 analyzed the betaine levels, such as GB, PB, HPB and pipecolate betaine, in a variety of alfalfa cultivar and some other plants, like red clover and trefoil by FAB-MS. The betaine levels in these plants deviate very widely in level from 10 -6 to 10 -3 mol/kg FW. Among betaines, PB was higher than the other three with the highest PB value being 10 mmol/kg FW, which was comparable with our data. While PB was at the mmol level, GB and HPB were below this level. It may be because of this difference in the concentration of betaines that our result only showed the PB value, but not the others in alfalfa.
In conclusion, the present method was found to be suitable for analyzing betaines of plants. The simple pretreatment as well as fast, economical and precise determination of this method enables continuous analyses of many plant samples systematically, which will help us to understand the stress tolerance mechanisms of plants. The results could be of great use for not only a further understanding of the stress-tolerance mechanism of plants, but also a direction to the selection of tolerant species of crops fit for stressed conditions.
